A planet is formed within a protoplanetary disk. Recent observations have revealed substructures such as gaps and rings, which may indicate forming planets within the disk. Due to disk-planet interaction, the planet migrates within the disk, which can affect a shape of the planet-induced gap. In this paper, we investigate effects of fast inward migration of the planet on the gap shape, by carrying out hydrodynamic simulations. We found that when the migration timescale is shorter than the timescale of the gap-opening, the orbital radius is shifted inward as compared to the radial location of the gap. We also found a scaling relation between the radial shift of the locations of the planet and the gap as a function of the ratio of the timescale of the migration and gapopening. Our scaling relation also enables us to constrain the gas surface density and the viscosity when the gap and the planet are observed. Moreover, we also found the scaling relation between the location of the secondary gap and the aspect ratio. By combining the radial shift and the secondary gap, we may constrain the physical condition of the planet formation and how the planet evolves in the protoplanetary disk, from the observational morphology.
INTRODUCTION
In a protoplanetary disk, a planet is formed and its orbital radius of the planet varies by gravitational interaction to the surrounding gas (e.g., Lin & Papaloizou 1979; Goldreich & Tremaine 1980) , and its mass increases by the gas accretion onto the planet (e.g., Bryden et al. 1999; Kley 1999; D'Angelo et al. 2003; Tanigawa & Watanabe 2002; Machida et al. 2010) . Moreover, when the mass of the planet is massive enough, the planet opens a density gap along with its orbit and it migrates with the gap (e.g., Lin & Papaloizou 1986; Edgar 2007; Crida & Morbidelli 2007; Dürmann & Kley 2015 Kanagawa et al. 2018b; Kanagawa 2019) . Outside of the gap, moreover, relatively large dust grains can be piled-up and a ring struc-of the observed gap, one can estimate the mass of the unseen planet embedded in the disk (e.g., Kanagawa et al. 2015 Kanagawa et al. , 2016 Rosotti et al. 2016; Zhang et al. 2018) , if the gap is formed by the planet. Moreover, recent observations have discovered point sources in the protoplanetary disks, PDS 70 Müller et al. 2018) , TW Hya (Tsukagoshi et al. 2019) , which are candidates of the forming planet. These observations enable us to know the presence of the planet in the present stage. To reveal when and where the planet is formed, however, we need to consider how the planet evolves within the protoplanetary disk. It is still an open question how the planet evolves within the protoplanetary disks, though it has been actively studied from a theoretical point of view (e.g., Mordasini et al. 2012; Ida et al. 2013; Bitsch et al. 2015b; Ida et al. 2018; Johansen et al. 2019; Tanaka et al. 2019) . Meru et al. (2019) and Nazari et al. (2019) have investigated observational signatures of the planetary migration by focusing on locations of gas pressure bumps and dust rings. Weber et al. (2019) have also investigated the effects of the migration on the location of the dust rings in the case of low viscosity. Meru et al. (2019) also pointed out that the location of the planet can be shifted from the center of the gap. In this paper, we further investigate effects of the planetary migration on the locations of the planet and gaps, which could be applied to the observation of the gas in near future. From the recent ALMA observations, in the relatively outer region (> 30 AU), the width of some observed gaps is relatively narrow and thus the planet mass estimated from the gap shape can be not so massive, typically Neptune size to sub-Jupiter size (e.g., Dipierro et al. 2015; Kanagawa et al. 2015; Nomura et al. 2016; Tsukagoshi et al. 2016; Zhang et al. 2018 ) when the gas viscosity is low as implied by observations (e.g. Pinte et al. 2016; Flaherty et al. 2015; Teague et al. 2016) . Hence, we focus on the observational signatures from the Neptune-sized planet in this paper. We describe our model in Section 2 and present our results in Section 3. In Section 4, we discuss feasibility of observations and how to constrain the evolution of the planet from the observational signatures. We summarize our results in Section 5.
BASIC EQUATIONS AND OUR MODEL DESCRIPTION

Basic equations
We investigate effects of a migrating planet on the gap structure, by carrying out two-dimensional hydrodynamic simulations with a planet. In our simulations, we use a geometrically thin and non-self-gravitating disk. We choose a two-dimensional cylindrical coordinate system (R, φ), and its origin locates at the position of the central star. The velocity is denoted as v = (v R , v φ ), where v R and v φ are the velocities in the radial and azimuthal directions. The angular velocity is denoted by Ω = v φ /R. We adopt a simple isothermal equation of state, in which the vertically integrated pressure P is given by c 2 s Σ, where c s is the isothermal speed of sound.
The vertically integrated equation of continuity is
The equations of motion are
where f ν represents the viscous force per unit mass (c.f., Nelson et al. 2000) . The gravitational potential Ψ is given by the sum of the gravitational potentials of the star and the planet as
where G is the gravitational constant. The first term of Equation (3) is the potential of the star and the third term represents the indirect terms due to planet-star gravitational interaction. The second term is the gravitational potential of the planet, which is given by
where ǫ is a softening parameter.
Our setup of hydrodynamic simulations
To numerically solve Equations (1) and (2), we use the two-dimensional numerical hydrodynamic code FARGO 1 Masset (2000) , which is an Eulerian polar grid code with a staggered mesh. The softening parameter ǫ in the gravitational potential of Equation (4) is set to be 0.6 times the disk scale height at the location of the planet. Considering the existence of the circumplanetary disk, we exclude 60% of the planets' Hill radius when calculating the force exerted by the disk on the planet. For simplicity, we neglect the disk gas accretion onto the planet.
From the relation between the planet mass and the width (and depth) of the gap, we can estimate the mass of the planet within the observed gap (e.g., Kanagawa et al. 2015; Rosotti et al. 2016; Dong & Fung 2017; Zhang et al. 2018 ). Recent observations have revealed relatively narrow gaps which can be carved by the planet around the Neptune-mass to sub-Jupiter mass, for instance, the gap at ∼ 70 AU in the disk around HL Tau (M p ≃ 0.3M J with α = 10 −3 , the same α is assumed for the following planet mass) (e.g., Kanagawa et al. 2016; Jin et al. 2016) , the gap at 22 AU in the disk of TW Hya (M p ≃ 0.06M J ) , the gap at 97 AU in the disk of RX J1615e (M p = 0.22M J ) (Dong & Fung 2017) , and the gap at 69 AU of Elias 27 disk (M p ∼ 0.1M J ), the gap at 86 AU in the disk of HD 163296 (M p ≃ 0.3M J ) (Zhang et al. 2018) . Moreover, recent observation done by Tsukagoshi et al. (2019) has discovered the excess of the millimeter flux at ∼ 50 AU. From the excess of the flux, the mass of the planet is estimated as the Neptune size. Hence, in this paper, we adopt the mass of the planet around Neptune-mass.
The recent observations give an upper limit on the αparameter on the viscosity for a few protoplanetary disks, namely, α 10 −3 in the disk of HD 163296 (Flaherty et al. 2015 (Flaherty et al. , 2017 and in the disk of TW Hya (Teague et al. 2016; Flaherty et al. 2018) . Motivated by those observations, we adopt a relatively small value of α.
The computational domain runs from R = 0.1R 0 to R = 2.4R 0 , where we use a unit of the radius as an arbitrary value R 0 and a unit of the mass as M * (the mass of the central star). The domain is divided into 512 meshes in the radial direction (logarithmic equal spacing) and 1024 meshes in the azimuthal direction (equal spacing). The orbital radius of the planet is initially set to be R = R 0 . The surface density is thus normalized by M * /R 2 0 , and we choose M * = 1M ⊙ as the fiducial value. Since focusing on the planet orbiting at larger radii, we assume R 0 = 100 AU in this paper. For convenience, we define t 0 as the Keplerian orbital time at R = R 0 . We compute the migration of the planet during t = 1000 t 0 (which corresponds to 1 Myr when R 0 = 100 AU). We assume a uniform distribution of the disk aspect ratio, h/R = 0.05. Since we adopt a structure in steady state of viscous accretion disk (c.f. Lynden-Bell & Pringle 1974) as the initial condition, the unperturbed distribution of the surface density given by
The initial angular velocity of the gas is given by
The initial radial drift velocity of the gas is given by v R = −3ν/(2R). The parameters we investigate in this paper are summarized in Table 1 . Note that when M * = 1M ⊙ and R 0 = 100 AU, the surface density is 0.9g/cm 2 (Σ 0 /10 −3 )
at R = 100 AU. For simplicity we do not consider growth of the mass of the planet, whereas the planetary orbit varies with time according to the disk-planet interaction. At the inner and outer boundaries, the velocity of the gas is set to be the initial value. The surface density of the gas is also set so that the mass flux is constant. We define wave- [1, 3, 5, 7 , 10] × 10 −4 5 × 10 −5 0.05 1 × 10 −4 [1, 3, 5, 7, 10] × 10 −4 5 × 10 −5 0.05 3 × 10 −4 [1, 3, 5, 7, 10] × 10 −4 5 × 10 −5 0.05 5 × 10 −4 [1, 5, 10] × 10 −4 5 × 10 −5 0.05 1 × 10 −3 [1, 3, 5, 7, 10] × 10 −4 5 × 10 −5 0.05 1 × 10 −4 [1, 3, 5, 7, 10] × 10 −4 1 × 10 −4 0.05 1 × 10 −3 [1, 3, 5, 7, 10] × 10 −4 1 × 10 −4 0.05 5 × 10 −5 [1, 5, 10] × 10 −4 5 × 10 −5 0.07 1 × 10 −4 [1, 5, 10] × 10 −4 5 × 10 −5 0.07 1 × 10 −4 [1, 5, 10] × 10 −4 1 × 10 −4 0.07 5 × 10 −5 [1, 5, 10] × 10 −4 1 × 10 −4 0.1 killing zones which are located from R out − 0.1R 0 to R out for the outer boundary and from R in to R in + 0.1R 0 for the inner boundary, where R out and R in are the radius of the outer and inner boundaries, respectively. To avoid an artificial wave reflection, we force all the physical quantities to be azimuthally constant within the wave-killing zones, by overwriting the quantities with their azimuthal average at every time step (c.f., de Val-Borro et al. 2006; Kanagawa et al. 2017b ).
RESULTS OF HYDRODYNAMIC SIMULATIONS
Radial shift between the locations of the planet and the gap
Here, we define the location of the gap as the location where the azimuthally averaged surface density normalized by the unperturbed surface density Σ un is the minimum in the region of R > R p 2 . We denote this radius of the gap as R gap , and R p denotes the orbital radius of the planet. In our simulations, the secondary gap is formed in the inner disk of the planet, as shown by e.g., Bae et al. (2017) ; . For convenience, we define the location of the secondary gap R 2nd gap as the position where Σ/Σ un takes the first local minimum from R p in the inner disk. The depth of the secondary gap δ 2nd gap is defined by the ratio of the surface densities at R = R 2nd gap and the position where Σ/Σ un takes the first local maximum from R p in the inner disk 3 . In Figure 1 , we illustrate the definitions of R gap , R 2nd gap and δ 2nd gap . First we show the results in the case of M p /M * = 5 × 10 −5 , h/R = 0.05, and α = 1 × 10 −4 , as the fiducial case. Figure 2 illustrates the two-dimensional distributions of the gas surface density at t = 1000 t 0 in the fiducial cases with Σ 0 = 10 −3 and Σ 0 = 10 −4 . In both the cases, the planet migrates inward and the inward migration velocity is faster with the larger Σ 0 ( Figure 3 ). As can be seen from Figure 2 , the orbital radius of the planet (R p , it is denoted by the white solid cycle in the figure) and the radius of the gap (R gap , the white dashed cycle) are different in both the cases. However, the radial difference between R gap and R p in the case with Σ 0 = 10 −3 is larger than that in the case of Σ 0 = 10 −4 . This radial shift between R p and R gap is also pointed out by Meru et al. (2019) . As shown by Bae et al. (2017) and , moreover, the secondary gap is formed at the inner disk of the planet, since we assume the small value of the α parameter. Note that we carried out hydrodynamic simulations with a higher resolution (1024 meshes in radial direction and 2048 meshes in azimuthal direction) and confirmed that a migration velocity and a distribution of azimuthal averaged surface density are converged (see Appendix A).
Dependence of the radial difference between R gap and R p is clearly shown in Figure 4 which illustrates the azimuthally averaged surface density normalized by R −1/2 for various values of Σ 0 . The planet mass, aspect ratio, and the viscosity are the same as those in the case shown in Figure 2 . The location with the smallest Σ/Σ un in the outer disk of the 3 To avoid the structure in the vicinity of the planet, we exclude the region between Rp and Rp − 1.5 max(R H , hp) when searching the local maximum of the surface density, where R H denotes the Hill radius of the planet, R H = Rp[Mp/(3M * )] 1/3 and hp is a disk scale height at Rp planet corresponds to R gap (see Figure 1 ). As can be seen from Figure 4 , the difference between R gap and R p becomes larger, with the larger Σ 0 . When Σ 0 = 10 −4 , the planet locates close to the location of the gap bottom. On the other hand, the planet locates at the inner edge of the gap and the R p and R gap are significantly different from each other when Σ 0 = 10 −3 . In all the cases shown in Figure 4 , a visible secondary gap is formed. The location of the secondary gap weakly depends on Σ 0 , namely, it forms at slightly smaller radii with a smaller Σ 0 (R 2nd gap /R p = 0.67 in the case with Σ 0 = 10 −3 , and R 2nd gap /R p = 0.63 in the case with Σ 0 = 10 −4 ). The depths of the gap in the vicinity of the planet (primary gap) and the secondary gap hardly depends on Σ 0 .
The radial shift between the locations of the planet and the gap depends on the α parameter and the aspect ratio. The upper panel of Figure 5 shows the azimuthally averaged surface density normalized by the initial surface density distribution in the case with α = 10 −3 , and the planet mass and aspect ratio are the same as those in the fiducial case. As shown in Figure 5 , the radial difference hardly depends on Σ 0 when α = 10 −3 . Although the secondary gap is formed in this case at R/R p = 0.64, moreover, it is not visible because its depth is very shallow. The lower panel of Figure 5 shows the case with H 0 = 0.07. Even when the aspect ratio is larger than that in the fiducial case, the radial difference between R p and R gap becomes larger with the larger Σ 0 , which is the same as that shown in Figure 4 . Although the gap around the planet (primary gap) is shallower than that in the case of Figure 4 due to the larger H 0 , the depth of the secondary gap is similar to that in the case shown in Figure 4 . The location of the secondary gap is formed at the smaller radii (R/R p ≃ 0.5) than that in the case shown in Figure 4 . In Section 3.3, we discuss the parameter dependence of the secondary gap.
3.2. Empirical formula for the radial shift between the locations of the planet and the gap 3.2.1. Timescales
As shown in the previous subsections, the radial difference between the locations of the planet and the gap becomes larger with the lower viscosity and higher surface density. This radial difference may be explained by the ratio of the timescales of the gap formation and the radial migration. According to Kanagawa et al. (2017a) , the timescale of the gap formation t gap is where ∆ gap is the half width of the gap which can be given by
where Ω K denote the Keperian angular velocity, and the subscription 'p' indicates the value at R = R p . Equation (6) be rewritten as
When the radial migration is progressing slower than its gap formation, the gap shape can reach that in steady state before the planet moves significantly. In this case, the migration timescale t mig,steady can be given by (Kanagawa et al. 
where Σ un,p is the unperturbed surface density at R p and K is defined by
and Σ gap is the surface density at the bottom of the gap in steady state:
The migration timescale predicted by the type I migration τ I is expressed by (Tanaka et al. 2002; Paardekooper et al. 10 −1 10 0 10 1 10 2 t mig /t gap 
2010)
Myr, (14) where the coefficient c is related to the radial distributions of Σ and h, here we adopt c = 3. When t gap is much longer than 1000 t 0 , the migration timescale can not reach the value in steady state, which is given by Equation (10).
When the viscosity is very low as in the case we assume in this paper, the gap-opening time is much longer than the migration timescale given by Equation (10). In this case, the planet migrates with a gap which is not fully formed and the migration timescale must be shorter than that given by Equation (10), due to the incomplete gap formation. Considering this effect of the incomplete formation of the gap, Kanagawa et al. (2018b) also gives the following formula:
In particular, the migration timescale is approximately given by τ I during 1000t 0 (our simulation time) when the viscosity is very small, namely α ∼ 1 × 10 −4 , since t gap ≫ 1000t 0 .
Empirical formula
We estimate the gap-opening timescale t gap by Equation (6) and the migration timescale t mig by Equation (15). Figure 6 shows the radial difference between the locations of the planet and the gap, as a function of the ratio of t mig and t gap . As can be seen from the figure, the shift can be fitted by 10 −1 10 0 10 1 10 2 t mig /t gap Figure 6 ).
the following empirical formula as a function of t mig /t gap , as
In Figure 7 , we show the relation between the radial difference between R p and R gap at the different moments. As can be seen from the figure, the scaling relation given by Equation (16) is still valid, regardless of the time. This result implies that Equation (16) can be applied to protoplanetary disks, regardless of the evolution phases, from Class I to Class II. Observational implications of Equation (16) is discussed in Section 4.2.
Secondary gap
When the viscosity is relatively low, the planet can form the secondary gap in the inner disk of the planet (e.g., Bae et al. 2017; . From the depth and the location of the secondary gap, we can constrain the viscosity and the scale height. In Figure 8 , we illustrate the depth of the secondary gaps given by our simulations (δ 2nd gap ) at t = 1000 t 0 . When the α-parameter is relatively large as ∼ 10 −3 , only the shallow gap is formed. In this case, the secondary gap could not be observed. On the other hand, in the case with the low viscosity, namely α 3 × 10 −4 , the relatively deep gap is formed, namely δ 2nd gap 0.9. For α 3 × 10 −4 , the depth of the secondary gap is not sensitive to α. Hence, we can obtain the constraint of α 3 × 10 −4 if the secondary gap is observed. Otherwise, we can constrain the lower limit as α 3 × 10 −4 . Figure 9 illustrates the locations of the secondary gap. As different from the dependence of δ 2nd gap , the location does not depend on α. We found that R 2nd gap −R p is proportional to H 0 . The location of the secondary gap also depends on a radial distribution of the aspect ratio. To investigate effects of the radial distribution of the aspect ratio, assuming the h/R = H 0 (R/R 0 ) f , we carried out additional hydrodynamic simulations with different values of f (f = 0.15, 0.25, 0.35, 0.5). The other parameters (e.g., M p , α, H 0 ) are the same as those of our fiducial case. Results of these simulations are shown in Figure 10 . As can be seen from the figure, the location of the secondary gap is proportional to the aspect ratio at the secondary gap (h/R) 2nd gap , rather than that at the planetary orbital radius.
Taking into account Figures 9 and 10 , we can obtain the relation between the location of the secondary gap and the aspect ratio as Figure 10 . Location of the secondary gap at t = 1000 t0 as a function of the aspect ratios at the secondary gap when the aspect ratio depends on radii, h/R = H0(R/R0) f . From the left, the crosses correspond to the cases of f = 0.5, f = 0.35, f = 0.25, f = 0.15, and f = 0, respectively. The planet mass, the value of α-parameter, the disk aspect ratio at R = R0 are the same as those in our fiducial case. The solid line denotes Equation (17). Figure 11 . The same as Figure 9 , but it is shown by a function of the aspect ratio at the location of the secondary gap. The solid line denotes Equation (17) Figure 11 shows the same as that shown in Figure 9 , but as a function of the aspect ratio at the location of the secondary gap. This figure shows that the fitting formula of Equation (17) also can well reproduce the location of the secondary gap. We should note that the position of the secondary gap also depends on the migration speed, though its dependence is weak as pointed out in Section 3.1. When the migration is slow in the case with a smaller Σ 0 , 1 − R 2nd gap /R p is slightly larger. Because of it, the locations of the secondary gap are spread within the range of ∼ 0.1R p in Figure 11 even when the mass of the planet, aspect ratio and viscosity are the same. We also confirmed this trend by carrying out the simu-lation with a fixed orbit. In the case of the planet with a fixed orbit, the value of 1 − R 2nd gap /R p is almost the same as the upper values shown in Figure 11 . Dong et al. (2018a) and Zhang et al. (2018) have also shown that the location of the secondary gap depends on the disk scale height, and they give similar scaling relations to Equation (17). In Figure 11 , we plot the data extracted from Table 2 of Dong et al. (2018a) Figure 16 of Zhang et al. (2018) . Equation (17) also can reproduce both the results given by Dong et al. (2018a) and Zhang et al. (2018) . In the scaling of Zhang et al. (2018) , the power of h/R is smaller than that of Equation (17), namely R p − R 2nd gap ∝ (h/R) 0.58 , though it hardly depends on the mass of the planet similar to Equation (17). The difference of the power of h/R could be caused by the spatial distribution of the aspect ratio. Since Zhang et al. (2018) assumes h/R ∝ R 0.25 , the aspect ratio at the location of the secondary gap is smaller than that at the location of the planet. 1 (see Appendix B) . For a relatively large planet which can be detected by ALMA, Equation (17) may be convenient, rather than the formula given by Dong et al. (2018a) .
DISCUSSION
Feasibility of observations
In the above section, we show that when the inward migration of the planet is faster than the gap-opening, the orbital radius of the planet R p is smaller than that of the gap R gap . If such a difference is observed, it could be evidence that the planet is formed in the outer region and it is migrating inward quickly. We also found the scaling relation of Equation (16) which gives the relation of the radial difference between R p and R gap and the ratio of the timescale of the migration and gap-opening given by Equations (15) and (6), respectively. If the secondary gap is observed, we also can constrain the disk viscosity and aspect ratio as shown in Section 3.3. In this subsection, we discuss feasibility of the observations of gap profile of gas and excess of the dust emission from a planet embedded within the disk.
The CO line emission has been detected by the observation with ALMA in Band 7 in Cycle 2 at the disk around TW Hya . By using the line emission from 13 CO and C 18 O J= 3-2, Nomura et al. (2016) has obtained the column density distribution of CO. Since the C 18 O emission is likely to be optically thin in an outer region of the disk, the CO column density can be directly compared with the gas surface density given by hydrodynamic simulations 4 . In the recent observation with higher angular resolution (∼ 0.15 arcsec, ∼ 9 AU resolution) and 2.3 hours on-source integration time, the gap profile of CO is possibly detected around ∼ 50 AU (Nomura et al. in prep) . With ALMA in Band 7 in Cycle 3, Tsukagoshi et al. (2019) has detected the point source in dust continuum emission at 52 AU in the disk around TW Hya. The angular resolution and the onsource integration time of that observation are ∼ 0.043 arcsec (∼ 3 AU resolution) and 3.5 hours, respectively.
In the basis of the observations of TW Hya mentioned above, we estimate feasibility of the detection of CO and dust point source in other protoplanetary disks. We assume that a distance to the protoplanetary disk is around 130pc in this estimate (the distance to TW Hya is about 60pc). Because of the larger distance, it takes higher angular resolution and longer integration time to detect the CO line and a point source in dust emission. To achieve the same spatial resolutions of Nomura et al. (2016) and Tsukagoshi et al. (2019) , the angular resolution of 0.07 arcsec for CO line observation and 0.023 arcsec for the dust continuum observation are required. Since a required integration time is proportional to 4th power of the angular resolution, it can be estimated as ∼ 50 hours, which is unreasonably long at the current moment. However, since the gap width is scaled by the orbital radius of the planet (see e.g., Kanagawa et al. 2016) , the gap profile can be detected in an outer region with lower angular resolution. When R p ∼ 100 AU, one could observe the gap of CO emission and the point source of the dust emission with the similar angular resolutions and integration times, for the disk with the distance of ≃ 130pc.
In the outer region (∼ 100 AU), the CO column density and the temperature may be smaller and lower than these of TW Hya at ∼ 50 AU. With lower CO column density and temperature, a longer integration time would be required due to weak emission. For instance, however, Isella et al. (2016) has shown that in the case of the disk around HD 163296, the C 18 O J = 2-1 emission at 100 AU (∼ 0.65 Jy/arcsec 2 /(km/s)) is comparable to the C 18 O J= 3-2 emission at 50 AU in the disk of TW Hya (∼ 0.14 Jy/arcsec 2 /(km/s)). Moreover, DSHARP program has observed the 12 CO J= 2-1 emission and revealed that in some disks, i.e., AS 209 (Guzmán et al. 2018 ) and HD 143006 (Pérez et al. 2018) , the 12 CO emission around 100 AU is comparable with or larger than the C 18 O emission at 50 AU in TW Hya disk. For the disks around Herbig stars, the CO emission at 100 AU can be comparable with that at 50 AU in the disk around TW Hya. The gap in the CO emission and the point source in the dust emission could be observed with the similar angular resolutions and integration times as these of Nomura et al. (2016) and Tsukagoshi et al. (2019) .
Detecting the secondary gap in the gas might be challenging because it is shallow and narrow, moreover formed in an inner region than the primary gap. However, the secondary gap is easier to be observed by the observations of the dust continuum. We can estimate the disk scale height from the location of the secondary gap measured by the location of the secondary gap by dust observations, by Equation (17). The depth of the secondary gap could be affected by the size of the dust grains, as well as the gas viscosity. Hence, we need to take care of the size of the dust to estimate the upper/lower limit of viscosity.
Observational implications
In this subsection , we discuss what can constrained when the gap and planet are observed. The difference between R p and R gap depends on t mig /t gap , that is, it depends on the mass of the planet, the disk viscosity, aspect ratio and the gas surface density of the disk, as can be seen from Equation (16) . The mass of the planet can be estimated from the excess of the flux at the planet location (e.g., Ayliffe & Bate 2009; Wang et al. 2014; Szulágyi et al. 2018) , and the aspect ratio can be also estimated from the brightness temperature of the dust emission if the dust emission is detected (e.g., Nomura et al. 2016 ). On the other hand, the viscosity and the gas surface density (not dust and CO densities) are relatively difficult to be constrained from the observation. However, by using Equation (16), we can constrain the viscosity and the gas surface density from the observed radial difference between R p and R gap . Figure 12 shows that the radial difference between R p and R gap as a function of α and Σ un,p with the given planet masses (M p /M * = 5 × 10 −5 in the upper panels and M p /M * = 1 × 10 −4 in the lower panels) and aspect ratios (H 0 = 0.05 in the left panels and H 0 = 0.1 in the right panels). When the difference between R p and R gap is measured from the observation, we can constrain α and Σ 0 along the line corresponding to be the observed value of R p − R gap in Figure 12 . As can be seen from the figure, the difference between R p and R gap is relatively sensitive on H 0 , whereas it does not significantly depend on the mass of the planet.
In addition to the difference between R p and R gap , we may constrain the viscosity and the disk aspect ratio from the secondary gap formed in the inner disk, as shown in Section 3.3. When the visible secondary gap is observed, we can give the upper limit of the α-parameter, namely α 3 × 10 −4 , in the vicinity of the planet. When no secondary gap is observed, on the other hand, we can give the lower limit of the α-parameter as α 3 × 10 −4 . Moreover, if the secondary gap is observed, the aspect ratio can be estimated from the location of the secondary gap by Equation (17), which is an independent constraint from that by dust/gas emissions. With the upper/lower limit of α and the constraint of the disk aspect ratio from the depth and the location of the secondary gap, we can more accurately estimate the viscosity and, especially the gas surface density from Figure 12 
Caveat of our model
In this paper, we adopt the simple locally isothermal equation of state (EoS). However, recently Miranda & Rafikov (2019) shows that simulations with the locally isothermal EoS can overestimate the contrast of ring and gaps features, as compared with results given by simulations with adiabatic EoS, even when the adiabatic index is 1.001. As can be seen from Figure 2 of Miranda & Rafikov (2019) , this discrepancy becomes significant for the gap and ring structures formed by a relatively large dust grains (St 0.01). For the gas structures, the location of the primary and secondary gaps do not change much between locally isothermal EoS and adiabatic EoS cases. In this paper, we consider the primary and secondary gaps. Hence, our results would not be significantly affected in the adiabatic disk with the adiabatic index being 1.001.
In the adiabatic disk, the torque exerted on the planet (especially the horseshoe torque) can be different from that in the locally isothermal disk (e.g., Paardekooper et al. 2010) . The migration velocity of the planet in the adiabatic disk can be slower than that in the locally isothermal disk (e.g., Bitsch et al. 2015a ). The non-isothermal effects may affect the gap structure, though it may not be significant (Kley & Crida 2008) . However, in an outer region where is optically thin, the cooling can be efficient. In this case, the isothermal EoS could be good approximation.
The torque exerted from the large dust grains (so-called pebbles) can significantly slow the inward planetary mi-gration down due to an asymmetric distribution of pebbles, as discussed by . However, when the planet forms gap and the mass of the planet is larger than the so-call pebble-isolation mass (e.g., Morbidelli & Nesvorny 2012; Lambrechts et al. 2014; Bitsch et al. 2018) , such large dust grains cannot reach the vicinity of the planet. In this case, the planet hardly feels the torque exerted from the pebble. When the mass of the planet is larger than the pebble-isolation mass, the pebbles accumulate at an outer edge of the gap. Since the surface density of the gas at the outer edge decreases due to the feedback from the pebbles accumulated at the outer edge, the inward migration of the planet also significantly slows down or change a direction of the migration (Kanagawa 2019) . However, this effects is significant when an amount of the pebbles are accumulated at the outer edge by catching up with the planet. When the inward migration of the planet is fast, this effect may be inefficient since the relative speed between the pebble and the planet is not large enough.
If an actual migration velocity is deviated from that given by Equation (15), we could overestimate/underestimate the surface density of gas around the planet. This overestimate/underestimate could be found by comparing with the CO density estimated by the CO emission, though the CO density also has uncertainties related to e.g., CO/H ratio.
In the parameter range that we investigated in this paper, the planet migrates only inward. However, several mechanisms discussed above may change the migration speed and let the planetary migration outward. Even when the outward migration, the location of the planet and the gap could be shifted. In this case, the planet would be detected at the outer edge of the gap and thus R p > R gap .
SUMMARY
We investigated effects of the fast inward migrating planet on the shape of the gap in the protoplanetary disk when both the planet and the gap are observed, by carrying out hydrodynamic simulations. Our results are summarized as follows:
1. we found that the orbital radius of the planet (R p ) can be shifted inward from the location of the gap (R gap ). When the radial shift between the locations of the planet and the gap is observed, it can be evidence that the planet is formed in the outer region and migrating to the inner region quickly.
2. We also derived the empirical formula between the radial shift of R p and R gap and the ratio of the migration and gap-opening timescales (Equation 16 ). The radial difference between R p and R gap becomes larger as the migration timescale is shorter than the timescale of the gap-opening. 3. Since the ratio of the timescales of the migration and the gap-opening is a function of the planet mass and disk parameters (gas surface density, aspect ratio, viscosity), we can constrain these quantities (especially the viscosity and the gas surface density) from the observation, by using Equation (16).
4. When the viscosity is relatively low, the secondary gap can be formed in the inner disk. The depth and location of the secondary gap depends on the viscosity and the aspect ratio, respectively (Figures 8 and 9 ). If the secondary gap is observed, we can constraint the viscosity as α 3 × 10 −4 . Otherwise, we can obtain the lower limit of the viscosity as α 3 × 10 −4 . The secondary gap is formed in a more inner part with a larger disk aspect ratio (Equation 17). By using these constraints from the secondary gap, we can further estimate the parameters in the planet formation region. Figure 14 . Comparison of evolution of the orbital radius of the planet given by the simulations with the high-resolution and standard resolution. The solid and dashed lines represent the results given by the simulations with the high-resolution and the standard resolution, respectively.
(512 and 1024 meshes in radial and azimuthal direction, respectively). In Figure 13 , we compare the azimuthally averaged surface density at t = 1000 t 0 with the cases of the high-resolution and the standard resolution, when M p /M * = 5 × 10 −5 , H 0 = 0.05 and α = 1 × 10 −4 (left panel) and α = 5 × 10 −5 (right panel). One can confirm that the surface density distributions are almost converged.
In Figure 14 , we compare the evolution of the orbital radius of the planet given by the simulations with the high-resolution and the standard resolution. The evolution of the orbital radius is also quite similar to each other, in the cases of the high-resolution and the standard resolution. Since M th = (h p /R p ) 3 , Equation (B1) depends on (h/R) 1.3 (where we neglect spatial distribution of h/R for simplicity). In Figure 15 , we compare the data given by our simulations, Dong et al. (2018a) and Zhang et al. (2018) with Equation (B1). In the left panel, we show the dependence of h/R. Equation (B1) well reproduces the results of Dong et al. (2018a) and ours, but it does not match to the results given by Zhang et al. (2018) . In the right panel of Figure 15 , we show the dependence of M p /M th . Our results are consistent with the prediction given by Equation (B1) when M p /M th 0.3. As M p /M th increases, the results given by our simulations deviates from the prediction given by Equation (B1). Since Zhang et al. (2018) investigated a large planet, namely M p /M th 1, Equation (B1) cannot reproduce these data.
